Introduction
In the past decade, considerable progress has been made in understanding the molecular mechanisms underlying the precise navigation of axons to their targets in the developing nervous system. Neuronal growth cones follow specific pathways and navigate a series of choice points to find their correct targets. At each of these choice points, growth cones will interpret a combination of short-and long-range cues, which may be perceived as either repulsive or attractive [1] . Many ligands and their receptors involved in axon guidance decisions have been identified. These include among others: netrins and their receptors DCC (unc-40 in C. elegans) and unc-5; slit and Robo; ephrins and Eph receptors; and semaphorins and their receptors, neuropilin and plexin. However, while the in vivo functions of these guidance molecules have been well defined in Drosophila [2-4], our understanding of their roles in vertebrate brain development has largely been acquired through in vitro analysis [5, 6] .
Zebrafish, as a model system of vertebrate development, offers many advantages for studying axon guidance. The accessibility of the zebrafish embryo facilitates experimental manipulation via microinjection of RNA or morpholinos [7] . The nervous system is relatively simple and the early axons grow in a highly stereotyped manner [8] . A simple 3-D axon scaffold has formed in the embryonic zebrafish brain by 24 hours postfertilization (hpf), which provides a template for subsequent development. It consists of two bilaterally symmetrical longitudinal tracts connected by commissures. Commissural axons traverse along the dorsal, ventral and rostral midline before fasciculating with axons on lateral pathways. These tracts and commissures can be visualized by immunostaining of whole-mounts for acetylated α-tubulin [9] . Furthermore, the optical transparency of the embryo facilitates the analysis of individual neurons in living embryos, enabling the role of specific cell-cell and molecular interactions for correct targeting to be determined [10, 11] .
While the spatiotemporal aspects of the establishment of the axon scaffold are well described, much less is known about the underlying molecular mechanisms driving this process in vivo [12] . In zebrafish, a combination of genetic screening and gene analysis has begun to uncover the genetic pathways underlying axon guidance. Genetic screens have identified a number of zebrafish mutants displaying defects in axonal projections, from which investigators have been able to define genes involved in establishing neuronal connectivity (for review see [12, 13] ). Furthermore, transient mRNA and DNA misexpression assays and morpholino knockdown approaches have provided an effective means to analyse gene function during embryonic development [14] [15] [16] [17] . Previous studies have described techniques for culturing zebrafish neurons [18] , which has Abstract. The method described here outlines a simple protocol to investigate the in vivo function of axon guidance molecules during the development of the embryonic zebrafish brain. By 24 hours postfertilization, a simple scaffold of axon tracts and commissures can be visualised in the brain using acetylated α-tubulin, a panaxonal marker that stains all axons. The highly stereotypical trajectory of axons in the embryonic zebrafish brain provides an ideal system in which to study the molecular mechanisms of axon guidance, as defects in the axon scaffold can be clearly visualised. We describe here our approach to identify defects in the trajectory of axons that Key words: axon guidance, embryonic brain, in vivo, morpholino, zebrafish establish the initial template of tracts in the embryonic fore-and mid-brain. By combining immunohistochemical techniques and confocal microscopy on dissected wholemounts of embryonic brains we are able to observe at high resolution the complete scaffold of axon tracts. This approach provides a rapid and simple means of assessing axon guidance defects in the developing brain. Given the advantages of the zebrafish as a model system, and the range of molecular perturbation methods now available, this technique provides a valuable tool for assessing the phenotypic effects of gene perturbations in a biologically relevant context. facilitated the use of classical in vitro approaches to understanding axon growth. We describe here a simple method to rapidly identify axon guidance defects in whole brains from embryonic zebrafish. Using confocal microscopy combined with immunostaining for acetylated α-tubulin, a panaxonal marker, defects in the axon scaffold resulting from misexpression or morpholino knockdown of putative axon guidance receptors can be clearly visualised. This methodology, when applied in conjunction with a range of molecular perturbation techniques, provides a valuable tool for analysing the in vivo function of known and putative pathfinding molecules in the developing vertebrate brain.
Materials
A. Equipment and software 1. Gas driven microinjection apparatus (PV830 Pneumatic Picopump). 
Procedures
A. Collection and Development of zebrafish embryos. Zebrafish were maintained at 28.5 °C on a 14-hour light/10-hour dark cycle [19] . Eggs for injection were obtained by light induced mating and embryos staged according to Kimmel et al. [20] . Embryonic age is given as hours postfertilization (hpf). Fertilised zebrafish eggs were collected immediately and transferred to embryo medium (EM [19] ). B. Microinjection of Blastomeres.
Embryos were placed in a 1.5% agar mould to prevent movement during injection [19] . Blastomeres at the 1-cell stage were injected using a gas driven microinjection apparatus with the reporter green fluorescence protein (GFP) and either morpholinos designed to knockdown the function of axon guidance receptors or in vitro transcribed RNA to misexpress these molecules [17] . Uninjected embryos or embryo injected with GFP alone were used as controls. Embryos were reared in EM at 28.5 °C to 28 hpf. Abnormally developing embryos were scored for phenotype and photographed, but not retained for further analysis. Embryos with grossly normal morphology were dechorionated and fixed for 24 hours in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS).
C. Dissection of brains
Fixed embryos were washed 3 times in PBS. A small square of wax (2 cm × 2 cm) was attached to the bottom of a culture plate. The culture plate was then filled with PBS and fixed embryos were pinned to the wax using entomology pins to hold them in position. Brains were dissected under a dissecting microscope, using Dumont No. 5 fine forceps. The ectoderm covering the head region of the embryo was carefully peeled back to reveal the brain and spinal cord. Eyes and excess tissue were removed before excising the brain posterior to the hindbrain/midbrain boundary. D. Immunostaining.
Approximately 20 brains from both control and experimental animals were placed in a 1.5 ml eppendorf tube. Brains were rinsed in 1 ml TBST (TBS and 0.3% Triton X-100) for 2 × 5 min, and then transferred to blocking solution (1 ml 2% BSA in TBST), rocking for one hour at room temperature. The blocking solution was removed and replaced with 300 µl of fresh solution containing mouse IgG anti-acetylated α-tubulin monoclonal antibody. Brains were incubated for 15 hr at 4 °C, washed 4 × 15 min in 1 ml TBST and reacted with 300 µl horse anti-mouse IgG (H+L) conjugated to Texas Red for 4 hours at room temperature. Brains were rinsed 3 × 5 min in TBST and stored at 4 °C. Brains were removed from TBST using a fine paintbrush to avoid transferring TBST into the mounting media. Fine forceps were used to orientate individual brains on their lateral side in 50 µl mounting media before they were sealed between two coverslips (22 × 50 mm on bottom, 18 × 18 mm on top). This enabled the axon scaffold to be viewed from both sides under the microscope.
The brain was orientated laterally to view the axon scaffold. E. Observation of the axon scaffold
Whole mount brains were scanned in serial optical sections collected every 1 µm to include the whole depth of the axon tracts on one side of the embryo (~10 sections) using a Bio-Rad MRC-1024 laser scanning confocal microscope coupled to a Zeiss Axioplan microscope. Typically, it takes approximately four minutes to scan the axon scaffold on one side of the embryo. Scans were compiled as a Z series using the Bio-Rad confocal assistant program. Images were colour balanced and oriented using Adobe Photoshop without further digital manipulation. A minimum of 20 brains were analysed for each treatment. Abnormalities in the axon scaffold were scored for each animal and grouped according to the specific tracts or commissures where defects were noted.
Results and discussion
A simple scaffold of axon tracts and commissures can be visualised in the embryonic zebrafish brain by immunostaining with acetylated α-tubulin [9] . By 24-28 hpf, a bilaterally symmetrical, stereotypical set of five axon tracts and four commissures has formed in the embryonic zebrafish brain. Four main nuclei contribute axons to these tracts ( Figure 1a) . They are the dorsal rostral neuronal cluster (drc), the ventrorostral cluster (vrc), ventrocaudal cluster (vcc) and the epiphyseal cluster (epi). Axons in the drc cross the rostral surface of the brain as the anterior commissure (AC) and connect the ipsilateral and contralateral telencephalon. In addition, axons from this nucleus course ventrally in the supraoptic tract (SOT) to join the tract of the post-optic commissure (TPOC). Axons from the vrc project both rostrally and caudally to form the post-optic commissure (POC) and the TPOC, respectively. After crossing the rostral brain, axons of the POC join with and become indistinguishable from the axons of the contralateral TPOC. The TPOC extends caudally on the ventrolateral surface of the brain and merges with the medial longitudinal fasciculus (MLF), the major longitudinal tract connecting the midbrain and hindbrain. The TPOC is joined by the dorsal to ventral projecting dorso-ventral diencephalic tract (DVDT), which arises from a small number of neurons in the presumptive epiphysis. In the midbrain the tract of the posterior commissure (TPC) crosses the dorsal midbrain as the posterior commissure (PC) and connects the ipsilateral and contralateral TPOC. Caudal to the cephalic flexure, the axons from the TPOC turn and grow ventrally in the ventral tegmental commissure (VTC), and then cross the ventral midline to join with the contralateral TPOC. The inherent simplicity of the zebrafish brain axon scaffold combined with its precise spatiotemporal patterning, provide an ideal system in which to assess the function of known and putative axon guidance molecules in the establishment of a neural network. We typically use either injections of morpholinos to knockdown expression, or injections of RNA/plasmid DNA to misexpress putative axon guidance molecules in the embryonic zebrafish [17] . Animals are allowed to survive until about 28 hpf and then brains are dissected and analysed by immunostaining and confocal laser scanning microscopy to identify aberrant axon trajectories (Figure 1 ). For these experiments we only analysed those embryos with a grossly normal morphology, to exclude the possibility that morphological defects may affect axon trajectories. The small size of the zebrafish brain negates the need for prior tissue sectioning. Instead, serial images of the axon scaffold of whole-mounted brains are collected as a Z-series using a confocal microscope. Staining with the panaxonal marker acetylated α-tubulin reveals that the axon scaffold develops a stereotypical set of axon tracts in control embryos (Figure 1b) . However, knockdown of a putative cell surface receptor produced defects in restricted regions of the axonal scaffold (Figure 1c ). The TPC is normally tightly fasciculated (Figure 1a, b) . In injected experimental animals, individual axons were observed to defasciculate from the TPC. Abnormalities were also observed in the topography of the longitudinal TPOC and MLF. The normally tightly fasciculated axon bundles were both defasciculated and their trajectories disorganized (Devine, Connor and Key, unpublished observations). The trajectories of the other major tracts appeared normal. These results indicate that, while the gross morphology of the brain may appear normal, subtle defects can be detected in the axon scaffold by optical sectioning of whole brains. It is unlikely that these aberrant patterns of growth would have been identified using standard histological analyses of tissue sections. Many different types of aberrant axon growth can be identified in the developing brain following manipulation of axon guidance molecules (Figure 2 ) [17] . These include discrete mistargeted axons (Figure 2a, b) , complete loss of some axon tracts (Figure 2b ) as well as severe perturbations and misrouting of many axons in a tract (Figure 2c ). In some cases subtle defects can be localized to multiple tracts while in other cases severe growth abnormalities are present in only portions of one tract. The method described here provides a simple means of assessing gene function in vivo, with direct relevance to the development of the axon scaffold. One potential problem with this approach is quantification of abnormalities in the scaffold. At the present time, the most common approach is to score on the basis of the presence or absence of defects in the axon scaffold, subsequently grouping defects based on their precise location [21] . While this measure does not give any indication as to the severity of the defect, it is the standard approach used in assessing phenotypes in the nervous system of Drosophila.
In the developing brain, neuronal growth cones must respond to a variety of attractive and repulsive guidance cues to navigate to their target [1] . While in vitro systems have provided insight into the roles of these molecules during axon outgrowth, the next step in understanding guidance decisions is to determine how these molecules function and interact in a biologically meaningful context. The methodology described here can be used in conjunction with a range of molecular perturbation techniques to analyse gene function in the embryonic brain. The large amount of information now available due to the sequencing of the zebrafish genome suggests that one major application of this protocol would be to facil- itate the identification of novel axon guidance molecules using morpholinos. Overall, the effectiveness of RNA overexpression and morpholino antisense knockdown approaches coupled with the accessibility and highly characterised development of the zebrafish, make this an attractive system in which to determine the in vivo function of putative pathfinding molecules.
